We have previously reported the isolation of the JAK1 gene from the round-spotted pufferfish. In the present study, we cloned and characterized genomic sequences encoding pufferfish JAK2, JAK3, and TYK2, which are other members of JAK family. To our knowledge, this is the first report to demonstrate the existence of four JAK genes in fish. All pufferfish JAK genes except JAK1 are composed of 24 exons; JAK1 has an additional exon. A comparison of the exon-intron organization of these genes revealed that the splice sites of JAK genes are nearly identical. In addition, all pufferfish JAK genes have one intron in the 59 untranslated region. Taken together, these data suggest that the pufferfish JAK genes may have evolved from a common ancestor. By 59 rapid amplification of cDNA ends and sequence analysis, we deduced the promoter regions for all JAK genes and found they do not contain typical TATA or CCAAT boxes but rather numerous other potential binding sites for transcription factors. Interestingly, the TYK2 gene is linked to CDC37 in a head-to-tail manner with a small intergenic region of 292 bp. Within this region, there are two potential binding sites for transcriptional factors such as c-Myb and NF-IL6. The putative promoter regions of all JAK genes were tested either in a carp CF cell line or in zebrafish embryos using CAT or lacZ as reporter genes. Both assays confirmed the transcriptional activities of these promoters in vitro and in vivo.
INTRODUCTION
T H E JANU S K IN A S E (JAK) FA M ILY belongs to the nonreceptor protein tyrosine kinases and is com prised of four known members in mammalian species: JAK1, JAK2, JAK3, and TYK2. The JAK1, JAK2, and TYK2 are expressed in many tissues, whereas JAK3 is expressed primarily in hematopoietic cells (Wilks et al., 1991; Ihle and Kerr, 1995; Watanabe and Arai, 1996) . The JAKs were first identified as upstream activators required for induction of interferon-responsi ve genes (Velazquez et al., 1992) . It is now recognized that JAKs are involved in many cytokine signaling processes through the JAK-STAT pathw ay (Ihle and Kerr, 1995; Schindler and Darnell, 1995) . In general, cytokine binding to cells can induce dimerization of its receptor subunits and subsequently close association with one or more JAKs. The activated JAKs then can phosphorylate tyrosine residues of the cytokine receptor subunits, thereby providing anchoring sites for cytoplasmic transcription factors know n as signal transducers and activators of transcription (STATS). On phosphorylation of the tyrosine residues by the receptor-associate d JAKs, these transcription factors homodimerize or heterodimerize, translocate to the nucleus, and activate the transcriptions of target genes.
In addition to mammalian JAKs, several JAK homologs have been cloned and characterized in Drosophila and fish. In Drosophila, a single JAK homolog, hopscotch (hop) (Binari and Perrimon, 1994) , has been identified having 27% identity at the amino acid level with mammalian JAK2. Moreover, a putative Drosophila STAT protein has been identified (Hou et al., 1996) . Thus, the existence of an invertebrate JAK/STAT system with one JAK and one STAT has been established. In fish, a JAK1 homolog has been cloned and characterized from common carp (Chang et al., 1996) , zebrafish (Conway et al., 1997) , and pufferfish . Although no other members of the fish JAK family have been cloned and characterized, the existence of JAK2 has been postulated because of the expression cloning of a tilapia prolactin receptor (Sandra et al., 1995) and the identification of growth hormone receptors in rainbow trout testis and liver (Gomez et al., 1998) . On ligand binding, both receptors can associate with JAK2 in mammalian cells (Watanabe and Arai, 1996) . In order to understand whether there are four JAK kinases in fish, we decided to isolate genes encoding JAK kinases other than JAK1 from the round-spotted pufferfish, Tetraodon fluviatilis, which has a compact genome size (380 Mb) with relatively small introns (Hinegardner and Rosen, 1972; Brenner et al., 1993) . We report here that there are indeed four JAK genes in the round-spotted pufferfish.
The function and biochemical properties of all mammalian JAKs have been well characterized (Watanabe and Arai, 1996) . However, information regarding the genomic structure and transcriptional regulation of JAK genes is limited. Recently, the genomic structure of the human and mouse JAK3 genes has been reported (Kumar et al., 1996; Riedy et al., 1996; Gurniak et al., 1997) . The mouse gene has 23 exons, whereas human JAK3 has only 19 exons. We have previously determined the genomic structure of common carp and the round-spotted pufferfish JAK1 gene and characterized their putative promoter regions (Chang et al., 1996; Leu et al., 1998) . To gain insight into the transcriptional regulation of all JAK genes, we proceeded to determine the genomic organizations and the promoter regions of the other three pufferfish JAK genes, JAK2, JAK3, and TYK2. We report here the complete genomic sequences and the results on the transcriptional activities of the putative promoter regions of these kinase genes in vitro and in vivo. Our data indicate that the genomic organizations of all four pufferfish JAK genes are very similar, with strict conservation of exon-intron structures, suggesting that these genes have evolved from a common ancestor.
MATERIALS AND METHODS

Isolation of the round-spotte d pufferfish genomic DNA
The Tetraodon fluviatilis was purchased from the local aquarium . Genomic DNA was prepared from the liver with DNAzol reagent (Life Technologies, Gaithersburg, MD). Genom ic DNA was precipitated by addition of 100% ethanol and then removed by spooling onto a pipette tip. After washing and air drying, DNA was dissolved in TE buffer (10 mM Tris HCl, 1 mM EDTA, pH 8.0).
Amplification of DNA fragments by PCR
Degenerate primers were designed according to those amino acid sequences that are conserved among protein kinases (PKs) (Hanks et al., 1988; Hanks, 1991; Chou et al., 1998) . With these primers and pufferfish genom ic DNA as template, PCR (Mullis and Faloona, 1987) was performed to isolate a large bank of PK gene fragments directly from the genomic DNA. In a previous report , we have identified 41 different PK genes, including four JAK genes.
Genomic library construction and screening
Using FIXII as a cloning vector (Stratagene, La Jolla, CA), a round-spotted pufferfish liver genom ic library has been constructed and amplified as previously reported . DNA fragments containing partial genomic sequences of the pufferfish JAK2, JAK3, and TYK2 genes in the kinase region were used as probes to screen this library. These probes were labeled using a DIG DNA Labeling Kit (Boehringer Mannheim, Mannheim , Germany). Hybridization, washing, and chem iluminescence detection were performed according to manufacturer' s manual (Boehringer Mannheim). Phage DNA was prepared from individual positive pure plaques by standard procedures (Sambrook et al., 1989) . The hybridization of restriction fragments of each phage DNA was further characterized by Southern blot analysis.
Subcloning and DNA sequence analysis
Parental clones and restriction fragment subclones were sequenced manually by the dideoxynucleotide chain-terminati on method (Sanger et al., 1977) with a Sequenase kit (US Biochemical, Cleveland, OH) according to the manufacturer' s instructions. Portions of the nucleotide sequencing were accomplished using the PRISM Ready Reaction Dye Deoxy Termination Cycle sequencing kit (Applied Biosystems) on an Applied Biosystems 377 automated DNA sequencer (National Health Research Institute DNA Sequencing Facility). Sequence assem bly and alignment were performed using the Genetics Computer Group software program. The exon-intron boundaries were determ ined by alignm ent of the encoded protein sequences with those of the mammalian JAK2 (Harpur et al., 1992) , JAK3 (Witthuhn et al., 1994) , and TYK2 (Firmbach-Kraft et al., 1990) . The transcription factor-recognition site databases (releases 7.3 and 6.5) were used to identify possible transcription factor recognition motifs within the 59 flanking region of the pufferfish JAK2, JAK3, and TYK2 genes.
Phylogenetic analysis
Phylogenetic trees were constructed by the maximum-parsimony method and by the neighbor-joining (NJ) method based on a p value that represents the uncorrected proportion of amino acid difference. The validity of the various branches of the trees was tested by bootstrapping using 100 replicates (Swofford, 1998) . In this study, we have constructed the phylogeny of all published JAK sequences using distance analysis. Three independent data sets were treated: the JH2 dom ain (kinase-like), the JH1 domain (kinase-catalytic), and the full sequences of JAKs. All procedures yielded essentially the same results. Therefore, only NJ trees based on the JH1 domain are presented here.
ends of the double-stranded cDNA. An aliquot of this cDNA collection was diluted 1:100 and subjected to two different anchored PCRs.
The 59 RACE was performed with a 27mer sense primer (AP1) specific for the adaptor and an exon 1-specific antisense primer for each JAK gene (GSP1A for JAK2: 59 -AAAAGGTA-TGACATTACACAG-39 ; GSP1B for JAK3: 59 -GAACTCCTC-CTCAGCGAGATTCAT-39 ; GSP1C for TYK2: 59 -GATAGT-CCAAGGAGTTGCCATCA-39 ), whereas the second round of PCR was carried out with a nested 23mer sense primer (AP2) and a nested exon 1-specific antisense primer (GSP2A for JAK2: 59 -GAAGCCTCAGCACGTCAAC-39 ; GSP2B for JAK3: 59 -TTAACGCAAATGTCGACCTGT-39 ; GSP2C for TYK2: 59 -CTCTTCCGGACTACAGATTGCTC-39 ). For 39 RACE, cDNA was first amplified with AP1 primer and an exon 24-specific primer (GSP3A for JAK2: 59 -AGAAGCTCGTG-CATTACTC-39 ; GSP3B for JAK3: 59 -ATGAAGGAGT-GCTGGCTGTATGA-39 ; GSP3C for TYK2; 59 -TTGGACA-GAGACAGACTGGTCAAG-39 ) and then reamplified with AP2 primer and a nested exon 24-specific antisense primer (GSP4A for JAK2: 59 -GTCCCTGACTGAGAGCAAG-39 ; GSP4B for JAK3: 59 -ATGGAGCGGCCATGTTTCTCATT-39 ; GSP4C for TYK2: 59 -CAAAACACATCCCCACTGGAGA-39 ). The PCR products were cloned into pGEM-T vector (Promega, Madison, WI) and sequenced.
Plasmid construction for promoter analysis in vitro and in vivo A 2.53-kb proximal promoter region from the JAK2 gene was subcloned into polylinker regions of the reporter vector pCAT-Basic (Promega) using PCR prim ers 59 -ATCGCAT-GCAGAGAAAGCTCTCTGCTGCTT-39 (nucleotides 2 2369 to 2 2340) and 59 -CCGCTCTAGACTGATCCG ACACT-39 (nucleotides 1 146 to 1 168). These oligonucleotide primers have additional sequences of SphI and XbaI sites at the 59 ends, respectively. The PCR product was purified from the gel, digested with SphI and XbaI, and then cloned into the same sites of pCAT-Basic. Thus, pJK2-CAT contained the flanking region from nucleotides 2 2369 to 1 168. Similarly, pJK3-CAT containing a 2.43-kb proximal promoter region from the JAK3 gene (2 2260 to 1 174) was constructed using PCR prim ers 59 -TC-TAAGCTTTAATGAAAATTGTGTA-39 (nucleotides 2 2260 to 2 2236) and 59 -TCTTCTAGAACCTGCTTCTGCCG-39 (nucleotides 1 152 to 1 174). For the TYK2 gene, the resultant reporter plasm id pTK2-CAT was similarly constructed but contained a smaller region, from nucleotides 2 364 to 1 122. The pRSP1-CAT (nucleotides 2 2922 to 1 100) was used to assay the promoter activity of the pufferfish JAK1 gene, and the pRSV-CAT (Gorm an et al., 1983) was utilized as a positive control.
In order to assess the promoter activity in zebrafish embryos, additional reporter plasmids were constructed using similar primers carrying different restriction sites (KpnI and XhoI). The PCR product was digested with KpnI and XhoI and then cloned into the same sites of pb gal-Basic (Clontech). The resulting reporter plasmids were named pJK2-b gal, pJK3-b gal, and pTK2-b gal. Therefore, the pJK2-CAT and pJK2-b gal plasmids had the same promoter regions from the JAK2 gene. The pJK1-b gal was derived from pRSP1-CAT and contained the same 2.9-kb proxim al prom oter region from the JAK1 gene.
For GFP reporter plasmid construction, the strategy was similar to that described above for lacZ reporter plasmid construction except using primers carrying other restriction sites (HindIII and KpnI). The PCR product was digested with HindIII and KpnI and then cloned into the same sites of pEGFP-1 (CLONTECH).
In vitro CAT assay
Carp fin epitheloid cells, CF (Chen and Kou, 1986) , were maintained in Leibovitz' s L-15 medium supplemented with 10% fetal bovine serum at 27°C. Transfection to CF cells was carried out as previously described (Chang et al., 1996) . The pSV-b -galactosidase vector (Prom ega) carrying the SV40 promoter linked to the b -galactosidase gene was used together in transfection to normalize the sam ples for differences in transfection efficiency. The chloramphenico l acetyltransferase (CAT) and b -galactosidase activities from the cell extracts were measured according to published procedures (Herbom el et al., 1984) . The acetylated products of the CAT assay were separated by thin-layer chromatography , developed with chloroform:methanol (95:5 v/v), and visualized by autoradiography. The autoradiographic data were quantitated by a PhosphoImager (Bio-Imaging Analyzer BAS 2000, Fuji, Japan).
Microinjection of zebrafish embryos and in vivo promoter activities
The reporter plasm ids, such as pJK1-b gal, pJK2-b gal, pJK3-b gal, and pTK2-b gal, were linearized by digestion of the vector backbone with restriction enzyme FspI and isolated following electrophoresis in low-melting agarose gel. DNA fragm ents were purified using GENECLEAN Kit (Bio101) and resuspended in 10 mM Tris, 1 mM EDTA, pH 7.0, at a final concentration of 50 m g/ml prior to microinjection. Wild type zebrafish embryos at the one-cell stage were injected as previously described (Culp et al., 1991) . b -Galactosidase reporter gene activity in the injected embryos was visualized by X-gal histochemical staining (Westerfield, 1995) . Briefly, embryos were fixed with 2 mM MgCl 2 , 4% glutaraldehyde in PBS for 10 min at room temperature, and washed three times for 5 min each with PBS containing 2 mM MgCl 2 and 0.3% Triton X-100. Embryos were stained overnight at 37°C in X-gal staining buffer containing 0.1 M KH 2 PO 4 , pH 7.3; 2 mM MgCl 2 , 5-bromo-4-chloro-3-indolyl-b -D -galactoside (X-Gal) 0.8 mg/ml, 10 mM K 4 Fe(CN) 6 , and 10 mM K 3 Fe(CN) 6 .
Fluorescence microscopy
Embryos at 24 or 48 h postfertilization were observed in a 9-cm plastic dish using an Olympus IX70-FLA inverted fluorescence microscope with an FITC filter.
RESULTS
Isolation and characterization of the pufferfish JAK 2 gene
A genomic phage library of the round-spotted pufferfish was used to screen with DIG-labeled partial genomic DNA fragments of the JAK2 gene . Three positive phase clones, J21, J22, and J23, having nearly identical restriction maps were isolated. The J21 clone was chosen for further characterization and sequence determ ination. Figure 1A sum marizes the restriction map of this clone.
A total of 15 kb of the JAK2 gene was completely sequenced by a conventional subcloning strategy com bined with automated sequencing. The complete sequence was deposited in GenBank with Accession No. AF090382. To fully characterize the JAK2 transcript, 59 and 39 RACE were performed to obtain the untranslated regions (UTRs) of the JAK2 message (data not shown). The gene was composed of 24 exons and 23 introns, which spanned about 11 kb of DNA containing the 59 -UTR, coding region, and 39 -UTR. All exon-intron boundaries identified conformed to the GT/AG splice donor/ acceptor rule (Breathnach et al., 1978) . The size of introns differed considerably, ranging from 79 bp (intron 5) to 2008 bp (intron 1) with an average size of 285 bp ( Table 1 ). The first exon contained the 59 UTR and the second exon the putative translation initiation site (Fig. 1 ). All members of the JAK family have seven hom ologous domains, which have been nam ed JAK homology dom ains (JHs). The JH1 is a C-terminal kinase-catalytic domain, whereas JH2 is a kinase-like domain and the other five JHs are present at the N-terminal region. As shown in Figure  2 , both the JH1 and the JH2 domain were encoded by 7 exons. Those 24 exons encode a protein of 1118 amino acids with a calculated molecular mass of 126 kD (Fig. 2) . In an amino acid sequence comparison, the pufferfish JAK2 (pJAK2) showed 66.8% identity with mouse JAk2 (mJAk2) (Silvennoinen et al., 1993) and less than 46.9% identity with other vertebrate JAKs (see Table 2 ).
Isolation and characterization of the pufferfish JAK3 gene
The same pufferfish genomic library was screened with a DIG-labeled genomic DNA fragment containing a partial sequence of the JAK3 gene . The restriction map of one representative J31 clone is shown in Figure 1B .
A total of approximately 9 kb of the round-spotted pufferfish JAK3 gene was com pletely sequenced (GenBank Accession No. AF091238). The RACE experiments were perform ed to obtain the 59 and 39 ends of the cDNA. The JAK3 gene spanned about 6.5 kb and consisted of 24 exons and 23 introns. terminated with AG. All predicted introns were relatively small (64 to 251 bp), with an average size of 116 bp (Table 1) . The JAK3 gene encoded a protein of 1108 amino acids with a calculated molecular mass of 125 kD (Fig. 2) . In comparison with the amino acid sequence of known mammalian JAKs, the pufferfish JAK3 (pJAK3) was moderately related to mouse JAK3 (mJAK3) (Witthuhn et al., 1994) and mJAK2 (Silvennoinen et al., 1993) (overall, 47.6% and 45.4% identity, respectively), as shown in Table 2 . No obvious sequence motif could be used to distinguish JAK2 from JAK3, as mammalian JAK2s share approxim ately 47% amino acid identity with JAK3s. Similarly, the overall sequence identity between pJAK2 and pJAK3 was 43.3% (Table 2) . However, pJAK3 show ed a higher sequence identity (56%) than did mJAK3 in the JH4 domain, while pJA K3 and mJAK2 shared 48% amino acid identity in the sam e domain (data not shown). Thus, pJAK3 is considered the pufferfish homolog of the mammalian JAK3.
Isolation and characterization of the pufferfish TYK2 gene
The same strategy was used to isolate the genom ic clone coding for the pufferfish TYK2 gene, and the restriction map of one representative Y1 clone is shown in Figure 1C . Approximately 10 kb of the pufferfish TYK2 gene was completely sequenced. The gene without the promoter region spanned about 7 kb and consisted of 24 exons and 23 introns. All exon-intron boundaries identified conformed to the GT/AG splice donor/ acceptor rule (Breathnach et al., 1978) . All introns were relatively small (65 to 334 bp), with an average size of 125 bp (see Table 1 ).
The TYK2 gene encoded a protein of 1123 amino acids with a molecular mass of 127 kD (Fig. 2) . On the basis of the overall amino acid sequence comparison, the pufferfish TYK2 (pTYK2) showed 45.5% identity with human TYK2 (FirmbachKraft et al., 1990) , 42.9% identity with mouse JAK1, and less than 34% identity with other vertebrate JAKs (Table 2 ).
In the course of subcloning and sequencing of regions beyond the TYK2 gene in the Y1 clone, we found DNA sequences that are highly homologous to those of human CDC37 (Stepanova et al., 1996) . We therefore proceeded to determine the additional 7 kb of DNA sequences beyond the TYK2 gene. In comparison with the overall amino acid sequence, the pufferfish Cdc37 protein showed 70% identity with human Cdc37 protein (data not shown). Interestingly, the CDC37 gene was situated in a tail-tohead configuration with the TYK2 gene. The polyadenylation site of CDC37 cDNA and the transcription start site of the TYK2 gene were separated by 292 bp, as shown in Figure 3 .
Characteristics of the 59 flanking regions of JAK2, JAK3, and TYK2 genes
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at 2 1377 and 2 156. Three c-Myb (Faisst and Meyer, 1992) binding sites were found at 2 1119, 2 932, and 2 54. This flanking region also contained DNA motifs for AP1 (Lee et al., 1987) at 2 2263, 2 1595, 2 1324, and 2 1076; AP2 (Imagawa et al., 1987) at 2 883; AP3 (Faisst and Meyer, 1992) (Jackson et al. 1990 ) and GCF (Kageyama and Pastan, 1989) were found at 2 1395 and 2 1382, respectively. In addition, the flanking region contained DNA motifs for AP1 (Lee et al., 1987) at 2 721, AP2 (Imagawa et al., 1987) at 2 198, and PEA3 (Wasylyk et al., 1990) at 2 989 and 2 508. Moreover, it is interesting to notice that there are a (TGAG) 10 repeat, a (GATA) 4 repeat, and a (CA) 14 repeat, which are located at 2 1076, 2 1034, and 2 68, respectively. In contrast, sequence analysis of the putative promoter region (only 292 bp) of the TYK2 gene (Fig. 3 ) revealed no consensus TATA and CCAAT motifs. One c-M yb (Faisst and Meyer, 1992) and one NF-IL6 (Akira et al., 1990 ) binding site were found at 2 250 and 2 149, respectively. a All protein sequences were aligned pairwise using the Geneworks nucleic acid and protein sequence analysis software version 2.5 from IntelliG enetics, Inc. The numbers represent percent amino acid identity. Accession num bers for the sequences are: L24895/U53213 (pJAK1), AF090382 (pJAK2), AF091238 (pJAK3), AF090383 (pTYK2), S63728 (mJAK1), L24895 (cJAK 1), U82980 (zJAK1), L16956 (mJAK2), L32955 (mJAK3), and X54637 (hTYK2). Carp and zebrafish JAK1 are shown as cJAK1 and zJAK1, respectively.
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Partial amino acid and nucleotide sequences of the CDC37 gene and nucleotide sequences of the 59 -flanking region of the pufferfish TYK2 gene. As shown in Figure 1C , the CDC37 gene and the TYK2 gene are linked in tail-to-head (39 to 59 ) orientation with 292 bp between the poly(A) signal sequences of the CDC37 gene and the transcription start site (designated 1 1) of the TYK2 gene. The putative transcription start site was determined by 59 -RACE. Within the intergenic region, there are putative binding sites for transcription factors c-M yb and NF-IL6. The stop codon is indicated by three asterisks, while a putative poly(A) addition signal, AATAAA, is underlined. Nucleotide 1 140 in this figure is the sam e as the last nucleotide of the first exon of the TYK2 gene. The first exon contains only the 59 -UTR.
Functional analysis of the 59 regulatory regions in vitro and in vivo
To determine whether the 59 flanking regions of the pufferfish JAK2, JAK3, and TYK2 genes exhibit promoter activity, different genomic DNA fragm ents containing the 59 upstream region were fused to the CAT reporter gene in pCAT-Basic vector or to the lacZ gene in pb gal-Basic vector. The CAT activity was examined by transient transfection into carp CF cells (Chen and Kou, 1986) . As shown in Figure 7 , the CAT activities of pRSP1-CAT, pJK3-CAT, and pTK2-CAT were about 12-to 18-fold that of the pCAT-Basic control, indicating that the 59 flanking regions of these genes were functional promoters. In contrast, pJK2-CAT show ed lower, although repro- ducible, activity, about threefold that of the pCAT-Basic control. Because the low transcription activity of the JAK2 promoter in carp CF cells may be attributable to cell type specificity, an in vivo system would provide better insights into gene expression and regulation. Therefore, a promoter assay system using zebrafish embryos in a mosaic fashion was employed to study transcriptional regulation of expression of the genes involved in development (Rinder et al., 1992; Westerfield et al., 1992; Higashijim a et al., 1997; Long et al., 1997) . In this study, we used the bacterial lacZ and jellyfish GFP as the reporter genes. Four expression plasm ids, pJK1-b gal, pJK 2-b gal, pJK3-b gal, and pTK2-b gal, were constructed as described in Materials and Methods and microinjected into zebrafish embryos at the onecell stage. Embryos receiving injections were collected at the 26-somite stage, about 24 h after fertilization; fixed; and then stained for b -galactosidase activity. Two representative expression patterns for each construct are shown in Figure 8 . It is interesting that pJK3-b gal displayed stronger expression and wider distribution (Fig. 8F, G ) than pJK1-b gal (Fig. 8B, C) and pTK2-b gal (Fig. 8H, I ), suggesting that some cis-acting elements in the JAK3 promoter are silent in carp CF cells during in vitro assay. However, this assay is not a quantitative but rather a qualitative system of measurement. On the contrary, when the same prom oter region of each JAK gene was placed upstream of the GFP reporter gene instead of the lacZ gene, and injected with each GFP reporter plasm id into zebrafish embryos at the one-cell stage, only the JAK3 promoter could drive GFP gene expression, as shown in Figure 8J and L. Although JAK3 appears to be expressed primarily in hematopoietic cells in mammals (Ihle and Kerr, 1995; Watanabe and Arai, 1996) , the pufferfish JAK3 promoter did not display tissue-specific expression. Instead, some expression was seen in skin epithelia (Fig. 8J, K) and in muscle and notocord (Fig. 8L, M) . A possible explanation for the weak/silent or variegated expression of the constructs could be the use of a heterologous origin, as mentioned previously (Higashijima et al., 1997) .
A result similar to that obtained in the in vitro CAT assay in carp CF cells (Fig. 7) was found in pJK2-b gal construct, which also exhibited weak expression in zebrafish embyos (Fig.  8D, E) . This finding suggests the absence of control elem ents or the presence of specific silencers for the JAK2 promoter region. Another possible explanation for the weak transcription activity of the JAK2 promoter is the presence of a duplicate JAK2 gene with strong promoter activity. Recently, two zebrafish JAK2 homologs have been cloned and characterized (Oates et al., 1999) . We have also cloned another JAK2 gene from the round-spotted pufferfish, but its total genomic sequences have not yet been determined. Whether this gene has stronger promoter activity than the JAK2 gene that is reported in this paper needs to be studied further. Taken together, the in vitro and in vivo data confirm ed the assignment of these regions as potential promoters for all four pufferfish JAK genes.
DISCUSSION
In this work, we have determined the complete genomic DNA sequences, including the promoter regions, of the JAK2, LEU ET AL. 440 FIG. 5. Diagramatic presentation of the promoter structure of four pufferfish JAK genes and relative position for each transcription factor-binding site. The 2.9-kb promoter region of the JAK1 gene has been sequenced and characterized previously . Other sequences of the putative transcriptional factor binding sites are shown in Figure 4 JAK3, and TYK2 genes from the round-spotted pufferfish. As previously reported, the JAK1 hom olog has been cloned and characterized from common carp (Chang et al., 1996) , zebrafish (Conway et al., 1997) , and pufferfish . As shown in Table 2 , the pufferfish JAK1 (pJAK1) shows 59.5% , 67.9%, and 70.2% amino acid identity with mouse, carp, and zebrafish JAK1, respectively. Similarly, pJAK2 displays high amino acid identity, 66.8% , with mJAK2 (Silvennoinen et al., 1993) . However, pJAK3 and pTYK2 show lower amino acid identity with their mammalian counterparts (47.6% and 45.5% identity, respectively). Through phylogenetic analysis (Fig. 9) , the topologies and bootstrap values of the distance trees for the JH1 data sets of 14 JAK allowed the classification of the JAK family into two groups: JAK1/TYK2 and JAK2/JAK3. The JAK1 and JAK2 are more conserved between fish and mammals than are TYK2 and JAK3, 59.5% and 66.8% vs. 45.5% and 47.6%, respectively. In addition, pJAK3 has 45.4% identity with mJAK2. No obvious sequence motif could be used to differentiate JAK2 from JAK3. Mammalian JAK2s and JAK3s share approxim ately 47% identity, whereas the full sequence identity between pJAK2 and pJAK3 is 43.3% (Table 2) . Similarly, pTYK2 and pJAK1 also share 38.7% identity. We have cloned different genes encoding four members of the JAK family from the round-spotted pufferfish Tetraodon fluviatilis, which has the smallest genome of all vertebrates (Hinegardner and Rosen, 1972; Brenner et al., 1993) . To our knowledge, this is the first report to demonstrate the existence of four JAKs in fish.
All mammalian JAKs as well as STATs play important roles in cytokine signal transduction (Ihle and Kerr, 1995; Schindler and Darnell, 1995; Watanabe and Arai, 1996) . Inform ation on the structure and transcriptional regulation of JAK genes is lim- ited. Although the genomic structures of some JAK genes have been determined, there is discrepancy in the data on the conservation of their exon-intron organizations. For example, carp JAK1 (Chang et al., 1996) and the round-spotted pufferfish JAK1 have 24 and 25 exons, respectively. The murine JAK3 has 23 exons (Kumar et al., 1996) , whereas the human JAK3 has only 19 (Riedy et al., 1996) . In order to elucidate whether membersof the JAK family share a comm on ancestor and therefore display similar genomic organization, we performed amino acid sequence alignment and compared the exon-intron organization of four pufferfish JAK genes and the murine JAK3 gene (see Fig. 2 ). Although the sequence identity between all JAKs is less than 48% (see Table 2 ), the splice sites of these five JAK genes are nearly identical except for intron 6, which is present only in the pufferfish JAK1 gene. In general, each JAK gene consists of 24 exons and 23 introns. The catalytic JH1 domain is encoded by exons 18-24, whereas the JH2 domain is encoded by exons 11-17. In addition, all JAK genes have an intron in the first exon. Our data show that all JAK genes have conserved exon-intron structures. Thus, the pufferfish may serve as a guide for further studies on the genom ic structures of the those mammalian JAK1, JAK2, and TYK2 genes whose structures are at present unknown. Table 1 com pares the intron sizes of all pufferfish JAK genes, the carp JAK1 gene, and the murine JAK3 gene. There are only three introns larger than 1 kb in pufferfish JAK1 and a larger intron (2 kb) in pufferfish JAK2. However, there are 11 introns larger than 1 kb in carp JAK1. The average intron sizes of the pufferfish JAK1, JAK2, JAK3, and TYK2 is 380 bp, 285 bp, 116 bp and 125 bp, respectively. These data again support the use of the round-spotted pufferfish in addition to Fugu (Brenner et al., 1993; Elgar et al., 1996) as a model organism for com parative genomic structure analysis (Crnogorac-Jurc evic et al., 1997; Leu et al., 1998; Yao et al., 1998) .
The expression of mammalian JAK1, JAK2, and TYK2 is ubiquitous, whereas that of JAK3 is mainly in the myeloid and lymphoid cells (Ihle and Kerr, 1995; Gurniak and Berg, 1996) . In order to gain a better understanding of transcriptional regulation of the pufferfish, JAK2, JAK3, and TYK2 gene expression, we have determined the transcriptional initiation sites by 59 RACE and the nucleotide sequence of the 59 upstream promoter regions of these genes. The structure of all pufferfish JAK gene promoters and the relative positions of each transcription factor binding site are summarized in Fig. 5 . All pufferfish JAK promoters lack coupled CCAAT and TATAA boxes, which is generally located at a position about 2 30 relative to the RNA start site (Breathnach and Chambon, 1981) . Thus, the pufferfish JAK gene prom oters belong to the subclass of TATA-less RNA polymerase II promoters, which are found in some protein tyrosine kinase genes (Patel et al., 1990; Lichtenberg et al., 1992; Kawagishi et al., 1995) . There are one and eight putative GATA recognition sites in the JAK1 and JAK2 promoter region, respectively. The GATA regulatory motifs were first identified in the prom oters of globin and other erythroid-specific genes (Evans et al., 1988) . Recently, six vertebrate GATA factors have been identified. These transcription factors are involved in cell differentiation and organ development. The GATA-1/2/3 factors are each expressed in various hematopoietic lineages, while the GATA-4/5/6 genes are expressed in heart and various endoderm-derive d tissues (Orkin, 1992; Evans, 1997) . Although the presence of many GATA binding sites in the JAK2 gene promoter may suggest that GATA transcription plays some role in the regulation of JAK2 gene expression in hematopoietic cells, both in vivo and in vitro promoter assays (Fig. 7 and 8D , E) indicated that the 59 flanking region of the JAK2 gene displays very weak prom oter activity in carp CF cells and zebrafish embryos. This low activity may reflect some repressing sequences present in the JAK2 promoter region or lack of inducers to stimulate the transcriptional activities of GATA factors. On the other hand, the cells and embryos used in the promoter assay were derived from different fish species, and there is a possibility that some unknown factors are required for proper expression of pufferfish JAK2 promoter in carp CF cells and zebrafish embryos. This is a difficult issue to tackle, as there are no pufferfish cell lines available.
Although the JAK3 promoter does not have GATA motifs, it contains the simple quadruplet repeat (TGAG) 10 and (GATA) 4 as well as the simple (CA) 14 repeat (see Fig. 4 ). The functional significance of these repeats for the transcriptional regulation of JAK3 gene expression needs further investigation. Other simple repeats, (CA) 16 and (GT) 3 3 , are found in the promoter regions of the JAK1 and JAK2 gene, respectively. It is interesting to notice that the (CA) n repeat is close to the putative transcription initiation site of both JAK1 and JAK3. Whether this (CA) n repeat affects the transcriptional initiation of the JAK1 and JAK3 genes awaits further studies.
In addition to the GATA motif, a number of widely distributed promoter elements, including AP1 (Lee et al., 1987) , AP2 (Imagawa et al., 1987) , AP3 (Faisst and Meyer, 1992) (F, G) , and pTK2-b gal (H, I) in 24-h embryos. Whole-mount embryos were histochem ically stained for lacZ activity. Embryos which express lacZ gene have readily discernible blue staining, as shown in all panels except (A), which served as a negative control. Embryos are shown in lateral view with anterior to the left. Scale bars represent 100 m m, and the magnification is the same for all panels except panels (K), (M), (O), which were enlarged twofold. Experiments were repeated at least three times using newly prepared injection solutions, with a total of 200 1-day-old normally developing embryos being analyzed for each construct. Two representative patterns for each construct are show n here. For GFP expression, only the JAK3 promoter could drive reporter gene expression. (J, L) GFP expression driven by pJK3-EGFP. (N) Positive control b -actin-GFP (Higashijima et al., 1997) . e, eye; y, yolk ball; ye, yolk extension. (Kageyama and Pastan, 1989) , c-Myb (Faisst and Meyer, 1992) , NF-IL6 (Akira et al., 1990) , PEA3 (Wasylyk et al., 1990) , and Sp1 (Jackson et al., 1990) consensus sequences, were identified in most pufferfish JAK genes (see Fig. 5 ). For example, cMyb binding sites are present in all JAK gene promoters except JAK1. The c-m yb proto-oncogene is the cellular homolog of the viral oncogene v-myb, found in avian myeloblastosis virus (Klempnauer et al., 1982; Radke et al., 1982) , and its product, c-Myb, is a transcriptional activator that plays an important regulatory role in cell proliferation and differentiation of hematopoietic cells (Gonda and Metcalf, 1984; Sheiness and Gardinier, 1984) . In addition to being a transcriptional activator, c-Myb has been shown to repress the transcriptional activity of the c-erbB-2 promoter (Mizuguchi et al., 1995) . Although the promoter regions of the JAK2, JAK3, and TYK2 genes have c-Myb-binding motifs, the JAK3 and TYK2 promoters have moderate CAT activities, whereas the JAK2 promoter has very low, although significant, activity (see Fig. 7 ). Further studies will be needed to investigate whether c-Myb protein may serve as a transcriptional activator in regulating the expression of JAK3 and TYK2 genes or as a repressor of JAK2 gene expression.
In the promoter region of the carp JAK1 gene, there are many transcription factor-binding sites, including AP1, E2A, GHF-5, HNF-5, and NF-IL6 (Chang et al., 1996) . However, the pufferfish JAK1 promoter regions have not only E2A, HNF-5, and NF-IL6 sites but also other binding motifs such as CRE, GCF, GAGA, GATA, p53, and Sp1. Moreover, the CAT activity of the 2.9-kb promoter region of the pufferfish JAK1 gene was threefold that of the 2.5-kb promoter region of carp JAK1 gene when transfected into a carp cell line (Chang et al., 1996) . The relevance of CAT activity to the presence of other potential regulatory elem ents in the promoter region of the pufferfish JAK1 gene needs further investigation.
In mammals, JAK3 appears to be expressed primarily in hem atopoietic and lym phoid cells (Ihle and Kerr, 1995; Watanabe and Arai, 1996) . The murine JAK3 promoter regions contain potential elements responsible for this restricted expression pattern such as Ets, GATA, GAS, LyF-1, MZF1, NF-k B, OAP, Oct-2B, and Neg-1 (Gurniak et al., 1997) . In addition, two binding motifs for transcription factors AP2 and SP1 are found in the murine JAK3 promoter regions. However, the regulatory elements in the prom oter region of the pufferfish JAK3 gene are different. Most binding motifs in the murine JAK3 promoter regions except AP2 and Sp1 are not found in the pufferfish JAK3 promoter region. However, the putative promoter region of the pufferfish JAK3 gene has potential binding sites for other transcription factors, including AP1, GCF, c-M yb, NF-IL6, and PEA3. Moreover, there are several repeats such as (TGAG) 10 , (GATA) 4 , and (CA) 14 in the pufferfish JAK3 promoter. In this study, the promoter activity of the 59 flanking 2.2-kb DNA fragm ent of the pufferfish JAK3 gene has been dem onstrated to be functional in vivo and in vitro (see Figs. 7 and 8 ). Understanding the relevance of promoter activity to the presence of potential regulatory elements in the 59 flanking region of the pufferfish JAK3 gene will require further deletion analysis. So far, this is the first report to demonstrate the prom oter activity of the JAK3 gene. In mouse, although its genom e structure was described first, there are no data on the 1-kb promoter region of the JAK3 gene (Gurniak et al., 1997) .
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FIG. 9.
Phylogenetic tree of JH1 sequences of 14 JAKs. The phylogeny of the JH1 sequences of all published JAKs was constructed by using the neighbor-joining program together with bootstrap analysis using 1000 replicates. The bootstrap values are shown on each internal node. The p value represents the uncorrected proportion of amino acid difference.
In summary, we have cloned and characterized four genes encoding all members of the pufferfish JAK family. These genes have very similar exon-intron organizations, suggesting that the JAK gene fam ily evolved from a common ancestor.
